Aims Transgenics are used to demonstrate a causal relationship between ethylene insensitivity of a seedling legume plant, the level of ethylene receptor gene expression, lateral root growth and Mesorhizobium loti-induced nodule initiation. † Methods Lotus japonicus plants expressing the dominant etr1-1 allele of the Arabidopsis thaliana gene encoding a well-characterized mutated ethylene receptor were created by stable Agrobacterium tumefaciens transformation. Single insertion, homozygous lines were characterized for symbiotic properties. † Key Results Transgenic plants were ethylene insensitive as judged by the lack of the 'Triple Response', and their continued ability to grow and nodulate in the presence of inhibitory concentrations of ACC (1-aminocyclopropane-1-carboxylic acid; an ethylene precursor). Transgenic plants with high insensitivity to ACC had significantly fewer lateral roots and exhibited increased nodulation while showing no altered nitrate sensitivity or lack of systemic autoregulation. Whereas ACC-insensitive shoot growth and nodulation were observed in transformants, root growth was inhibited similarly to the wild type. Increased nodulation was caused by increased infection and a seven-fold increase in nodules developing between xylem poles. Bacteroid numbers per symbiosome increased about 1 . 7-fold in ethylene-insensitive plants. † Conclusions The study further demonstrates multiple roles for ethylene in nodule initiation by influencing root cell infections and radial positioning, independent of autoregulation and nitrate inhibition of nodulation.
INTRODUCTION
Legume plants develop specialized nitrogen-fixing root structures through a symbiotic relationship with compatible bacteria, generally referred to as 'rhizobia' (Stacey et al., 2006) . Reciprocal communication between plant and bacterium as well as environmental factors regulate the formation and function of such nodules (Caetano-Anollès and Gresshoff, 1991; Gresshoff, 1993 Gresshoff, , 2003 Oldroyd et al., 2001; Kinkema et al., 2006) ; many genetic and molecular components of this symbiosis have been defined (for example Krusell et al., 2002; Nishimura et al., 2002; Radutoiu et al., 2003; Searle et al., 2003; Ané et al., 2004) , allowing predictions of chemical functions based on gene discovery.
The ontogeny of nodulation coexists with other developmental plant processes (Hirsch, 1992; Beveridge et al., 2003 Beveridge et al., , 2007 Ferguson and Mathesius, 2003) and thus plant regulatory processes, such as those facilitated by phytohormones, play important roles. Physiological and developmental effects of phytohormones on nodulation have long been recognized and are extensively described (Guinel and LaRue, 1992; Penmetsa and Cook, 1997; Caba et al., 1999; Wopereis et al., 2000; Ma et al., 2002; Nukui et al., 2004; Biswas et al., 2009) . However, the mechanisms of phytohormone regulation of nodule initiation remain relatively obscure. Fundamental to this issue is the question of whether a phytohormone affects a process through a direct regulatory effect, or influences a general plant growth capability, which in turn affects or effects the specific development.
The gaseous plant hormone ethylene and its precursor ACC (1-aminocyclopropane-1-carboxylic acid) are some of the earliest phytohormonal signals associated with the regulation of nodule number (Guinel and LaRue, 1992; Suganuma et al., 1995; Schmidt et al., 1999; Nukui et al., 2000; Sugawara et al., 2006) . For example, treatment with ethylene or ACC inhibited nodulation in a wide range of legumes. In contrast, exposure to ethylene action 'inhibitors', for example AVG (aminoethoxyvinylglycine), and silver ions increased nodulation in many tested legumes. Such inhibitors also partially restored nodulation in selected low-nodulating pea mutants (Guinel and LaRue, 1992) .
Analysis of ethylene action on nodulation has been aided by mutants and transgenics (Heidstra et al., 1997; Penmetsa et al., 2003 Penmetsa et al., , 2008 Nukui et al., 2004) . Endogenous ethylene reduced the formation of nodule primordia (Zaat et al., 1989) and the accumulation of mRNA of ACC oxidase (the enzyme catalysing the last step of ethylene biosynthesis) in cells opposite phloem poles of Vicia sativa (Heidstra et al., 1997) . As nodule primordia normally form opposite protoxylem poles, these authors speculated that ACC-derived ethylene produced opposite phloem suppressed nodule-associated cell division, possibly via modulation of critical localized cytokinin † Present address: BASF BioSciences, Raleigh, NC, USA. Vogel et al., 1998; Wopereis et al., 2000) . In a pioneering study, Cook's group (Penmetsa and Cook, 1997; Penmetsa et al., 2008) isolated an ethylene-insensitive legume mutant and recognized the 'sickle' phenotype, stemming from increased infection and nodulation in the zone free of autoregulation of Medicago truncatula seedlings. The affected gene has now been shown to be orthologous to the arabidopsis EIN2 gene (Penmetsa et al., 2008) . Ethylene attenuated the response of Medicago root hairs to lipo-oligosaccharide Nod-factor, leading to altered infection success (Oldroyd et al., 2001) . These observations strengthened the correlative nexus between ethylene and nodule inhibition. In contrast, moderately ethylene-insensitive mutants of soybean were not altered in their nodulation response (Schmidt et al., 1999) . Also, the supernodulating soybean mutant nts382 (Carroll et al., 1985a, b) , lacking autoregulation of nodulation through the mutational loss of a CLAVATA1-related leucine-rich repeat (LRR) receptor kinase (Searle et al., 2003) , was not insensitive to ethylene (Caba et al., 1999) indicating that ethylene may not be directly involved in the control of nodulation via autoregulation. Like nts382, a hypernodulating mutant of Lotus japonicus (har1-1; cf. Krusell et al., 2002; Nishimura et al., 2002) , mutated in the same LRR receptor kinase as nts382 of soybean, was ACC sensitive (Wopereis et al., 2000) . To test the involvement of ethylene reception by transgenic approaches, Nukui et al. (2004) transferred a mutant ethylene receptor gene (CmERS1) from melon into L. japonicus and found that infection and nodule initiation increased.
One of its major ethylene receptor genes was cloned in Arabidopsis thaliana (Atetr1) and found to encode a twocomponent histidine protein kinase (reviewed in Chang et al., 1993; Chang and Shockey, 1999; Gamble et al., 2002) . A single mutation at residue 65 (cysteine to tyrosine) caused a dominant mutation (etr1-1) leading to insensitivity in mutants (Chang et al., 1993) . The paradigm for ethylene regulation in Arabidopsis was effectively transferred to other plant systems (Lanahan et al., 1994; Wilkinson et al., 1997; Klee, 2004) , although processes such as nodulation could not be evaluated.
To further extend our knowledge of ethylene perception for Rhizobium-induced nodulation, we constructed ethyleneinsensitive L. japonicus plants expressing this well-characterized Arabidopsis etr1-1 gene and showed that beside early infection and nodule initiation effects, ethylene also affects late symbiotic development.
MATERIALS AND METHODS

Plant transformation and culture
Lotus japonicus ecotype Gifu B-129-S10 (Handberg and Stougaard, 1992; Jiang and Gresshoff, 1997) was used for all transformation experiments and as a wild-type control. Transgenic plants were constructed (Stiller et al., 1997; Lohar et al., 2001 ) by co-cultivating dark-grown severed hypocotyl explants with Agrobacterium tumefaciens strains LBA4404 or GV3101. The etr1-1 cDNA construct was kindly provided by Dr C. Nessler (Texas A&M University); etr1-1 cDNA from Arabidopsis thaliana was cloned into pRTL2 vector behind dual 35S promoter and the 5 0 untranslated leader of tobacco etch virus for high expression in higher plants. The promoter-leader cDNA-terminator portion of this plasmid was excised with HindIII, and cloned into the HindIII site of the binary vector pBIN19.
The vector was electroporated into both A. tumefaciens LBA4404 and GV3101. Plant transformants were selected on B5 medium (Gamborg, 1970) containing 5 mg L 21 geneticin base. Separated callus was used to define independent lines. Plants were grown under greenhouse conditions with supplemental light (16 h day/8 h night) and allowed to produce seed by selfing. Selfed seed lines were tested for phenotypic segregation for hypocotyl elongation by germinating on 25 mM ACC (see Table 1 ). T1 segregants segregated at a 3 : 1 (insensitive vs. sensitive) ratio. Further selection at the T2 stage identified lines that did not segregate for sensitivity to 25 mM ACC, and such lines were considered to be homozygous. Southern hybridization confirmed transgene integration in these lines. The homozygous independent transgenic lines with confirmed transgene integration were 4-6, 15-1, 23-13, 50-4, 50-7, 120-1, 125-13, 129-3 and 125-13 .
Southern and northern hybridization
Leaf tissue (approx. 1 g) was ground to a powder in liquid nitrogen and DNA was isolated as described (Dellaporta et al., 1983) . For Southern blots, 8 mg genomic DNA was digested by EcoRI and separated on 0 . 8 % agarose gels then transferred to Zeta Probe GT Nylon membranes (Bio-Rad).
Total RNA was isolated by grinding about 100 mg of leaf tissue in 1 . 5-mL Eppendorf tubes (Verwoerd et al., 1989) . About 20 mg total RNA was separated on 1 . 0 % agarose gels containing 17 % formaldehyde (Sambrook et al., 1992) , and transferred to Zeta Probe GT Nylon membranes.
A 2 . 2-kb NcoI-KpnI fragment containing the Atetr1-1 cDNA was used as a probe. Actin1 cDNA was used as a loading control in northern hybridizations. Random priming labelled probes as per the manufacturer's instructions (Promega Corp.) to a specific activity of approx. 1 Â 10 8 counts min
21
. Pre-hybridization and hybridization buffer contained 0 . 25 M sodium phosphate, pH 7 . 2, and 7 % sodium dodecyl sulfate (SDS). Hybridizations were carried out at 65 8C overnight followed by washing (once in solution I: 20 mM sodium phosphate, pH 7 . 2, 5 % SDS; and once in solution II; 20 mM sodium phosphate, pH 7 . 2, 1 % SDS; 45 min each at 65 8C). Plants were grown on B&D agar plates (25 mM ACC) and scored for seedling growth response after 7 d growth in the dark.
Transgenic plant analysis ACC sensitivity tests. Agar plates (1 . 4 %; sealed with Parafilm, and incubated upright in stacks of 10-12 plates) with halfstrength B5 or B&D salts (Stiller et al., 1997) containing 25 mM ACC (added filter-sterilized) were used to germinate putative transgenic seeds in the dark for 7 d for ethylene insensitivity assay and segregation analysis. Hypocotyl length of at least 15 seedlings was determined for each independent line. Some lines had twisted/coiled hypocotyls in the presence or absence of ACC. These lines were always highly insensitive to ethylene and showed reduced hypocotyl thickness.
Infection and nodulation studies. Two-week-old seedlings grown in 1Â B&D medium in vermiculite were inoculated with Mesorhizobium loti strain NZP2235 carrying a constitutive hemA:lacZ gene fusion to examine nodulation by lacZ staining (Boivin et al., 1990) . Each nodulation experiment was repeated three times with 15-30 seedlings per line per experiment. Seedlings were uprooted 2 weeks after inoculation, and excised roots were stained. Whole stained roots were observed under a stereomicroscope, where infection threads, nodules and nodule foci were counted. Any externally visible bump was counted as a nodule. Foci therefore are internal to the root surface. The mean nodule and focus number was calculated for each line separately, and 95 % confidence intervals were estimated individually.
Nodulation sensitivity tests used 3-day-old pre-germinated seedlings on B&D agar plates inoculated with strain NZP2235 and proceeded for 32 d before determination of nodule number and plant growth characteristics. Plates were either sealed with Parafilm or vented daily to reduce ethylene accumulation in the plate. Plates were incubated upright in stacked formation with cardboard layers separating plates in a growth chamber (23 8C, 16 h light).
Histology and microscopy. For light microscopy, root samples were processed as described (Graham and Joshi, 1995) . Specimens were fixed in HistoChoice (Amresco Inc., Solon, OH, USA), dehydrated in an isopropanol series, infiltrated with paraffin (Paraplast, MP56 C) and cast in specimen blocks. Ribboned sections were cut at 15 mm on a rotary microtome (Reichter-Jung, Vienna, Austria). Sections were observed under a light microscope and the number of nodule/nodule foci forming between or opposite protoxylem poles was recorded.
For electron microscopy, root segments were fixed in phosphate-buffered ( pH 6 . 8) 3 % glutaraldehyde for 90 min, then post-fixed for 90 min in phosphate-buffered 2 % osmium tetroxide, all at room temperature. Samples were then dehydrated in an acetone step gradient and embedded in Spurr's resin. The tissue was sectioned (100 nm) and poststained with uranyl acetate and lead citrate, before viewing with an Hitachi H-600 transmission electron microscope.
RESULTS
Arabidopsis etr1-1 confers ethylene insensitivity in transgenic L. japonicus Selfed seeds from the primary transgenic plants transformed with the Arabidopsis etr1-1 gene were germinated on 25 mM ACC in the dark for 7 d and were observed for segregation of the 'Triple Response' phenotype. Segregation supported dominant monogenic inheritance for many independent transgenic lines tested (Table 1) . Focus was on lines with Mendelian segregation ratios (insensitive vs. sensitive) suggesting single etr1-1 insertions (later confirmed by Southern blotting). Several ethylene-insensitive T1 plants from different T0 lines were selfed to produce homozygous T2 seeds. Eight stable lines originating from seven independent primary transformants with a range of ethylene insensitivity were selected for further phenotypic characterization. These lines were 120-1, 50-7, 125-13, 50-4, 4-6, 129-3, 23-13 and 15-1. (NB: line 129-3 hereafter is labelled 'LjETR1-1' depicting the homozygous dominant transgene condition and its ethylene-insensitive phenotype mediated by the Atetr1-1 gene.)
Seven of the eight lines contained a single T-DNA insertion, and one (4-6), characterized by maximum coiling of hypocotyls, contained three insertions (Fig. 1) . Lines 50-7 and 50-4 were independent T-DNA segregants of the same T1 line 50, which had two T-DNA insertions (labelled 50-6 in Fig. 1 ). Southern blot analyses were conclusive, revealing independent T-DNA insertions but failed to detect the endogenous L. japonicus ETR1 homologue (about 84 % identical).
Transgenic lines differed in ethylene insensitivity, as evidenced by the difference in hypocotyl length ( Fig. 2A) , but not root length (Fig. 2B) , after germination in the dark in the presence of ACC.
Stable ethylene-insensitive lines were tested for altered sensitivity to varying concentrations of ACC in etiolated seedling growth assays (Fig. 2C) . Lines with longer hypocotyls were generally also characterized by reduced hypocotyl thickness. Additionally, lines 50-4, 4-6, LjETR1-1, 23-3, and 15-1 had twisted and coiled hypocotyls independent of the presence of ACC (Fig. 3E) . By comparing the degree of hypocotyl extension of dark-grown seedlings of transgenic lines germinated in the presence of 25 mM ACC with Gifu seedlings germinated in the absence of ACC, lines could be divided into two groups. Lines 120-1 and 50-7, which had hypocotyl length less than Gifu without ACC, were considered 'hypo-insensitive'. Lines LjETR1-1, 50-4, 4-6, 125-3 (non-coiled hypocotyl), 23-3 and 15-1 (coiled hypocotyls) with extension larger than Gifu in the absence of ACC, were termed 'super-insensitive'.
Line LjETR1-1, with high seedling insensitivity to ACC, maintained the ability to nodulate on either 3 or 6 mM ACC (Fig. 4A, D) in agar plate assays, whereas Gifu nodulation was severely inhibited. However, primary root growth was inhibited by ACC to the same degree as in Gifu whether plates were vented or sealed (Fig. 4C, F) . Ethylene-insensitive lines developed significantly fewer lateral roots (Fig. 4B, E) . Venting agar plates lowered ACC toxicity. Nodule inhibition was more pronounced in sealed plates and lateral root numbers were more stimulated in vented plates of Gifu than LjETR1-1.
Floral petals of super-insensitive plants persisted even after ripening of the pod whereas those on Gifu and hypo-insensitive plants generally dried and abscised (Fig. 3A, B) . Petals of superinsensitive plants occasionally adhered to both the base and the tip of the pod, resulting in a pod curvature (Fig. 3D) . In contrast, petals in the wild type were carried on the tip of the pod, or lost altogether without any curvature (Fig. 3C) . Lotus japonicus ethylene-insensitive plants took longer to flower and the pods took longer to ripen than the wild type (30 -50 % longer). For example, lines LjETR1-1, 4-6, 23-3 and 50-7 flowered by 64 + 5 DAP, while Gifu flowered at 52 + 4 DAP (days after planting, with long day period).
Transgene RNA expression level is correlated with ethylene insensitivity
Transgene RNAs were measured semi-quantitatively in stable transgenic lines of L. japonicus by northern hybridization using an Atetr1-1-specific probe. Lines with higher insensitivity in the triple response assay (e.g. LjETR1-1, 15-1, 23-3, 4-6) tended to have the highest Atetr1-1 transcript level (Fig. 5B) while lines with marginal insensitivity, like 120-1, showed the lowest level. The ranking order for transgene expression correlated positively (r 2 ¼ 0 . 96) with the phenotypic ranking based on seedling ACC responses and nodulation tests (r 2 ¼ 0 . 58).
AtETR1-1 confers hyperinfection and increased nodulation, but not classical hypernodulation in L. japonicus
Nodules and nodule foci were counted in the seven independent insensitive lines and the wild-type control grown in the absence of exogenous ACC. In hypo-insensitive lines 120-1 and 50-7, nodule number was statistically the same as in the wild type (Fig. 5A) . Larger numbers of root nodules compared with Gifu developed on plants with higher ethylene insensitivity such as lines LjETR1-1, 125-3, 4-6, 23-3 and 15-1 (Fig. 5A ).
Nodule number per plant was positively correlated with the degree of hypocotyl extension (Fig. 2) and the Atetr1-1 mRNA levels (Fig. 5B) detected in transgenic plants. The number of nodule foci was higher in all insensitive lines compared with the wild type, while the total number of nodulation events (i.e. nodule foci plus nodules) was statistically the same in all super-insensitive lines but was significantly higher than in the wild type and hypo-insensitive lines (Fig. 5A) .
The nodule number per nodulation zone (a stretch of root with contiguous nodules usually corresponding to the 2 -3 cm behind the root tip at the time of inoculation) was counted in five ethylene-insensitive lines (120-1, 125-3, 4-6, 50-4 and LjETR1-1) and Gifu. Ethylene-insensitive lines possessed more nodules per nodulation zone (120-1 ¼ 2 . 9 + 0 . 35, 125-3 ¼ 4 . 0 + 0 . 27, 4-6 ¼ 5 . 2 + 0 . 51, 50-4 ¼ 6 . 3 + 0 . 78, LjETR1-1 ¼ 6 . 8 + 0 . 77) than the wild type (1 . 9 + 0 . 21). Nodule number in this zone positively correlated with the hypocotyl lengths (Fig. 2 ) of lines (r 2 ¼ 0 . 99), suggesting that most of the nodule increase stemmed from this region and not an extension of the nodulation zone as seen in hypernodulation mutants (Carroll et al., 1985a; Wopereis et al., 2000) . However, nodule size (mg per nodule; data not shown) decreased with increased ethylene insensitivity.
Ethylene also acts at later stages of nodule symbiosis
The morphology of bacteroids observed by transmission electron microscopy in the mature zone of two independent insensitive lines (125-3 and 50-4) and the number of uninfected cells in the central zone was similar to those of Gifu, but the number of bacteroids per symbiosome in insensitive lines was significantly higher than in Gifu. For example, line 125-3 had an average bacteroid number per symbiosome of 2 . 1 + 0 . 2 (n ¼ 461) with a range of 1 to 6. Similarly, in line 50-4, the average was 2 . 4 + 0 . 2 (n ¼ 188) with a range of 1 to 6, compared with the wild-type value of 1 . 4 + 0 . 1 with a range of 1 to 4 (n ¼ 107).
ACC and ethylene are positional signals for nodule initiation
Paraffin-embedded sections (7 mm thickness) of the nodulated roots of the wild type and three super-insensitive lines (LjETR1-1, 23-3 and 15-1) were scored by light microscopy for the percentage of nodules originating opposite as well as between protoxylem poles (Fig. 5C) . In insensitive lines, 27 -32 % of the nodules formed between protoxylem poles compared with only 4 . 5 % in the wild type, representing a seven-fold increase in the zone of permitted cell division response.
Nitrate sensitivity of nodulation in ethylene-insensitive L. japonicus lines Nodulation of wild type Gifu has a high tolerance to inhibitory levels of nitrate whether tested in soil (Hussain et al., 1999) or on agar plates ( present study), as 12 mM nitrate, which normally would limit soybean nodulation by 90-95 %, still permitted nodule initiation (though smaller in size and unable to fix nitrogen) (Fig. 5D) .
The effect of nitrate addition on nodule number was examined in two super-insensitive lines (LjETR1-1 and 23-3) and Gifu. Addition of 4 mM nitrate (supplied as potassium nitrate) partially inhibited nodule formation in both ethylene super-insensitive lines and the wild type. At 8 and 12 mM the proportional inhibition of nodule number was indistinguishable for the ethylene-insensitive transgenics and Gifu. CaMV 35S promoter was expressed in the legume Lotus japonicus to demonstrate that ethylene (or ACC) is a negative regulator of both early and late stages of the nodulation symbiosis. Both nitrate control and autoregulation of nodulation (AON; Gresshoff, 1993) were not directly associated with ethylene insensitivity. Significantly, ethylene was needed for lateral root formation, possibly reflecting a nexus between auxin and ethylene signalling (Ferguson and Mathesius, 2003) . The ethylene-insensitive transgenics of L. japonicus described here were similar in phenotype to the chemically induced 'sickle' mutant of Medicago truncatula (Penmetsa and Cook, 1997) , even producing the 'sickle'-shaped nodulation and root curvature patterns. Significantly, sickle is altered in the EIN2 gene, functioning after the ETR1 receptor. Parallel work in L. japonicus using a less well-characterized ethylene receptor gene (of the ERS1 type distinct from the two-component histidine kinase type ETR1 receptor) from melon demonstrated that transgenic alteration of ethylene perception altered the infection and nodulation phenotype (Nukui et al., 2004) . We took advantage of the well-characterized etr1-1 allele from Arabidopsis to construct L. japonicus transgenic plants (in the same parent cultivar as Nukui et al., 2004) insensitive to ethylene. Stable seed material is available from the corresponding author upon request.
The level of ethylene insensitivity in Atetr1-1 transgenic plants varied in independent Lotus lines. A quantitative difference for ethylene insensitivity in etr1-1 transformants ranging from no to extreme ethylene insensitivity was also reported in Arabidopsis by Chang et al. (1993) , who suggested that partial ethylene insensitivity of transformants was caused by low expression of etr1-1. Positional effects, DNA methylation or incomplete transfection could cause such differences. As Lotus transgenics in our studies showed an excellent correspondence between ethylene insensitivity of seedling growth, nodule primordium induction and Atetr1-1 transcript levels, the level of transgene expression itself most likely explains the variation in ethylene insensitivity.
Several transgenic lines showed super-insensitivity to ethylene as evidenced by a decreased hypocotyl inhibition of seedlings in the presence of ACC than the wild type without ACC. Ethylene-insensitive mutants with similarly high levels of insensitivity have not previously been reported. The super-insensitive L. japonicus plants had twisted and coiled hypocotyls resembling the epinastic response of leaf petioles to exogenous ethylene (Lanahan et al., 1994) .
Increased delay of abscission and senescence of petals in ethylene-insensitive L. japonicus lines mirrored other ethylene-insensitive plants such as tomato, petunia and Medicago truncatula (Wilkinson et al., 1997; Penmetsa et al., 2003) . etr1-1 Arabidopsis mutants exhibited delayed flowering (Bleecker et al., 1988) similar observations here in ethylene-insensitive L. japonicus.
As the number of bacteroids per symbiosome was twice as high in ethylene-insensitive plants as in the wild type, ethylene may regulate terminal rhizobial cell division directly, or slow plant stress responses (Boller, 1991; Goormachtig et al., 2004) . According to Szczyglowski et al. (1998) , an L. japonicus symbiosome on average contains 1 . 2 + 0 . 5 (n ¼ 340) endosymbiotic bacteria with a range of 1 -4. This value is in good agreement with our estimate (1 . 4 + 0 . 1) for wild-type nodules, although bacteroid numbers per symbiosome were significantly higher (2 . 1-2 . 4) in nodules of ethylene-insensitive lines.
A significant increase in the number of nodule foci in ethylene-insensitive plants compared with the wild type was observed. This finding is in agreement with Penmetsa and Cook (1997) and Nukui et al. (2000) who noted increased infection and increased nodulation in a discrete crescentshaped zone in the chemically induced 'sickle' mutant of M. truncatula and ethylene receptor Cm-ERS1 transgenics of L. japonicus. Therefore, we expected that transgenic plants insensitive to both endogenous and exogenous ethylene might form more nodule foci. This indeed was the case. Lotus transgenics with different levels of seedling insensitivity to ethylene, and correlated mRNA expression levels, varied in the number of nodule foci. The total number of nodulation events ( proper 'externally visible' nodules plus nodule foci) per plant increased with ethylene insensitivity ultimately reaching a plateau.
Super-insensitive lines developed more nodules than the wild type. Nodule number increased proportionally with the increase of insensitivity. As the total number of nodule foci was statistically the same in this group of lines, ethylene insensitivity may be promoting the growth of more nodule foci to nodules at higher insensitivity levels. Thus, ethylene not only controls the initiation of nodule foci, but also their growth into a functional nodule.
Nodule number per plant in hypo-insensitive L. japonicus lines was statistically the same as the wild type, indicating that the level of ethylene insensitivity was not enough to promote increased nodulation. Schmidt et al. (1999) reported soybean nodulation to be independent of ethylene signalling on the grounds that insensitive mutants did not nodulate more profusely. According to our classification of insensitivity, the most insensitive soybean mutant reported should be classified as 'hypo-insensitive', as its hypocotyl length in the presence of ethylene was smaller than that of the wild type without ethylene when germinated in the dark (12 . 8 cm in mutant vs. 12-15 cm in the wild type). Therefore, a soybean mutant with a much higher level of ethylene insensitivity such as 'sickle' or the Lotus transgenics reported here is required to determine whether soybean nodulation indeed is ethylene insensitive.
Ethylene restricted the position of nodule foci initiation, lending support to histochemical observations (Heidstra et al., 1997) . This was supported by the large increase in nodule foci forming in between protoxylem poles in ethylene-insensitive plants compared with the wild type. However, the availability of these new sites for nodule initiation in the transgenic plants did not explain the overall increase in the number of nodule foci. Therefore, ethylene most likely regulates the number of developing nodules not only by controlling the position of nodule initiation but also by controlling the ability of plant cells to initiate nodule foci. One possible explanation is enhanced rhizobial infection/invasion of ethylene-insensitive plants as noted here and elsewhere for Lotus (Nukui et al., 2000) and 'sickle' (Penmetsa et al., 2003) .
It has been reported that the nodules formed early during the nodulation process inhibit the formation of new nodules (AON of nodulation or feedback inhibition of nodulation). However, the Lotus transgenic lines described here were not super-or hypernodulated over a large portion of the root, and did not exhibit nitrate tolerance in nodulation, demonstrating that ethylene regulates nodulation at other sites and is not directly functional in AON and nitrate inhibition of nodulation.
